To investigate the role of macular pigment in preserving foveal short-wavelength-sensitive (SWS) visual function in the ageing eye orientation identification acuity was measured in the fovea and at 12°eccen-tricity (nasal visual field) under SWS-cone isolating conditions in 73 participants (aged 20-71). Macular pigment optical density (MPOD) was measured at 0.5°eccentricity from the foveal centre using a heterochromatic flicker photometry (HFP) based instrument. MPOD was not significantly related to age but reduced SWS orientation identification acuity was associated with increasing age in the fovea and at 12°eccentricity. The rate at which foveal acuity changed in relation to acuity at 12°with increasing age was not significantly related to macular pigment levels. These findings do not support the hypothesis that higher macular pigment levels protect S-cone mediated foveal visual function in the ageing eye.
Introduction
Macular pigment (MP), found in the central retina of humans, consists of the carotenoids lutein (L), zeaxanthin (Z) and meso-zeaxanthin (MZ). L and Z are entirely of dietary origin, with a significant proportion coming from green leafy vegetables and egg yolk in the normal diet (Johnson et al., 2010) . MZ is primarily formed in the retina following conversion from lutein (Johnson et al., 2005) . Several creditable theories exist, which are not mutually exclusive to each other, as to the primary function and role of macular pigment in the human eye (for reviews see (Loane et al., 2008; Weale, 2007; Wooten & Hammond, 2002) ). Of particular interest amongst this literature are those few cross-sectional studies which have suggested that higher levels of macular pigment optical density (MPOD) are associated with preserved visual function across the lifespan Hammond, Wooten, & Snodderly, 1998) . If increased levels of macular pigment are important in the maintenance of good vision in older years then this protective theory of macular pigment merits further investigation for a variety of different visual functions.
Psychophysical examination of the short-wavelength-sensitive (SWS) visual system can tell us much about the ageing eye and its susceptibility to disease. SWS pathway function has been shown to be significantly reduced in normal older healthy eyes for a variety of stimuli (Beirne et al., 2008; Eisner et al., 1987; Johnson et al., 1988; Werner, Bieber, & Schefrin, 2000; and functional defects in age-related diseases such as age-related macular degeneration (AMD) can often present themselves within the short-wavelength visual system before traditional measures of visual function do (Beirne et al., 2006; Frennesson, Nilsson, & Nilsson, 1995; Remky et al., 2001 ). Haegerstrom-Portnoy (1988), on finding that there was less loss of foveal SWS sensitivity relative to several extrafoveal locations (out to 20°e ccentricity) in an older group of individuals compared to a younger group, hypothesised that macular pigment (which was not measured) may protect the foveal area from light damage (Haegerstrom-Portnoy, 1988) . Further to this Hammond, Wooten, & Snodderly, 1998 found that foveal sensitivity of the S-cones in older individuals was better preserved in those individuals with higher levels of MPOD (P0.40 log units), measured by heterochromatic flicker photometry (HFP), compared to those with lower levels of MPOD (Hammond, Wooten, & Snodderly, 1998) . However, Werner, Bieber, & Schefrin, 2000 stress that the findings of these two studies were limited by the fact that one did not include cone sensitivity at more than one retinal location, (Hammond, Wooten, & Snodderly, 1998) and the other did not report MP estimates in the same observers (Haegerstrom-Portnoy, 1988) . They argue that both of these previous studies findings are consistent with a gain change hypothesis whereby long-term adaptation changes in the foveal S-cones results in higher sensitivity which is directly related to the reduction in short-wavelength light that is due to MP screening (Werner, Bieber, & Schefrin, 2000) . In a study using 50 observers they showed that although a significant positive correlation was found between foveal macular pigment density and the S-cone log sensitivity difference between 2 locations (0°and 8°) specified at the retina, this result was independent of age. This age independent finding would not be expected from the MP protection hypothesis but lends weight to an alternate gain hypothesis, which the authors state should be considered in any study investigating the potential protective role of MP (Werner, Bieber, & Schefrin, 2000) .
This study aims to further investigate the association between S-cone function at different retinal locations and MPOD (measured using HFP) in a group of healthy individuals of increasing age to see if any protective relationship can be demonstrated. To measure S-cone function an orientation identification task with a sinusoidal grating was performed under S-cone isolating conditions in the fovea and at 12°eccentricity. Using appropriate S-cone isolating conditions this resolution acuity task is sampling limited , in the fovea and the periphery, and can provide indirect estimates of the underlying retinal ganglion cell density (Anderson, Zlatkova, & Demirel, 2002; Beirne, Zlatkova, & Anderson, 2005) . Previous study has shown that the magnitude of age-related losses in sensitivity using S-cone increment thresholds can depend on the level of light adaptation (Schefrin et al., 1992) . However, the orientation identification task is not significantly affected by moderate amounts of real and simulated lens yellowing Zlatkova, Coulter, & Anderson, 2006) or by small amounts of optical blur . Resolution thresholds remain sampling limited with age in healthy individuals, (Beirne et al., 2008) and do not appear to be significantly affected by an increase in prerecptoral filters or low sensitivity of the S-cones, (Swanson, 1989 ) making a S-cone isolated grating resolution acuity task an appropriate task for use in such a clinical study looking at age-related changes in visual function.
If increased levels of macular pigment are associated with preserved foveal SWS function in the ageing eye, relative to peripheral vision, this finding would have significant relevance to those individuals who have lower baseline levels of macular pigment and may benefit from interventions that may increase their MPOD such as diet alterations, lifestyle changes or food supplementation.
Methods

Participants
73 participants (27 males, 46 females) ranging in age from 20 to 71 years took part in the study. Participants were recruited from both poster and internet advertisement of the research study at a regional University campus and its surrounding area. All participants were Caucasian and underwent a full ophthalmic examination by an experienced optometrist with the following criteria being used for study inclusion: visual acuity of 20/20 (Snellen) or better with best correction in the study eye, refractive error between À6DS and +4DS with 62.0DC of foveal astigmatism, intraocular pressure less than 20 mmHg as assessed by non-contact tonometry, clear ocular media assessed by slit-lamp biomicroscopy, no self-reported history of ocular disease and no history of diabetes or other systemic disease that might affect vision. Subjects were excluded if they had been taking any dietary supplements containing lutein or zeaxanthin in the 3 months proceeding the study participation date.
Dilated fundus photography examination revealed no soft drusen or obvious retinal pigment epithelium changes in the macular area of any of the participants aged over 50. The eye with the bestrecorded visual acuity was chosen as the study eye. If acuity and refractive error was equal in both eyes, one eye was selected to undergo testing by asking the patient which they felt was their dominant eye, and performing the testing on this eye. The study received ethical approval from the local research ethics committee and informed consent was obtained from all participants in accordance with the tenets of the Declaration of Helsinki.
Measurement of macular pigment optical density
Macular Pigment Optical Density was psychophysically estimated using a heterochromatic flicker photometry based instrument from Macular Metrics (Macular Metrics, Arboath, MA). This custom-built Densitometer instrument is very similar in design to those which have been used and described in several previous studies investigating macular pigment optical density (Connolly et al., 2010; Iannaccone et al., 2007; Kirby et al., 2009; Snodderly et al., 2004) . The densitometer has been shown to be an accurate (Hammond, Wooten, & Smollon, 2005; Wooten et al., 1999) and repeatable method Loughman et al., 2012) with measurements not significantly affected by optical blur , pupil size (Wooten et al., 1999) or lens yellowing (Ciulla et al., 2001) . Importantly, this instrument allows the investigator to individually adjust the optimal flicker frequency (OFF) for each of the different stimuli used, for each participant. Critical flicker fusion thresholds can vary significantly between individuals and age groups Renzi & Hammond, 2010) and correct setting of the optimal flicker frequency can have a significant effect on the MPOD values obtained. This minimises the risk of over or under estimating MPOD in particular individuals in contrast to other devices which use a fixed flicker frequency Loughman et al., 2012) . A second advantage to this instrument is that the two different wavelengths of light (460 and 560 nm) used for the heterochromatic flicker method are inverse yoked. As the blue light becomes more intense, the green light becomes less intense keeping the brightness of the test stimulus relatively constant thus removing significant brightness change artefacts as a distraction to the participant.
All participants underwent an instruction and practice session during which the operator satisfied himself that the participant understood the nature of the task. Optimal flicker frequencies were adjusted for each individual during the instruction and practice period depending on whether it appeared that the OFF was too high (a wide no flicker zone reported) or too low (no flicker zone reported) for the individual undertaking the test. MPOD was estimated for one location of 0.5°eccentricity from the foveal centre, using a 1 degree diameter disc. Using this method it is assumed that the flicker perceived by the individual is mainly dominated by the edges of the disc-shaped stimuli being viewed. However, it should be noted that previous studies have suggested that some individuals may use other retinal locations, close to the edge of the stimuli to see the flicker (Bone, Landrum, & Gibert, 2004; van der Veen et al., 2009) , and the retinal location used may depend on the shape and height of the individual's macular pigment distribution, which can show significant inter-individual variation (Berendschot & van Norren, 2006; Kirby et al., 2009) .
Participants were instructed to fixate on a 5 min black fixation point in the centre of the disc which was initially set to radiances values where it would clearly flicker. The participant had to use a two option push-button response box to adjust the radiance values of the two alternating wavelengths of light (460 and 560 nm), which were superimposed on a 6.00°, 3.0 cd/m 2 , 470-nm circular blue background, so that the stimulus appeared not to flicker or flicker minimally. This no/minimal flicker radiance was then recorded by the operator and the process was started again from a radiance where the target was clearly flickering to the observer. The reference point (where macular pigment values are assumed to be minimal) was measured using a disc of 2°diameter with a 5 min red fixation point at 7°eccentricity. Four no/minimal flicker settings were made for each of the two locations and MPOD was estimated using the formula:
where R460 is the radiance of the 460 nm light and R560 the radiance of the 560 nm light at the foveal (F) and peripheral (P) locations when no/minimal flicker is perceived.
The MPOD estimates had a mean standard deviation (SD) of 0.08 with a SD range of 0.02-0.15 log units.
SWS orientation identification acuity
SWS orientation identification acuity was measured at the fovea and along the horizontal meridian at 12°eccentricity in the nasal visual field (temporal retina) so to avoid the optic nerve head. The apparatus used took the form of a short-wavelength resolution perimeter described in detail in previous studies that required isolation of the SWS system (Beirne et al., 2008; . Patches of short wavelength sinusoidal grating stimuli were generated using a Visual Stimulus Generator (Cambridge Research Systems, Rochester, UK) and displayed on a gamma corrected 21-inch monitor (Sony 500PS) with pixel resolution of 1024 Â 768, frame rate of 100 Hz. The short-wavelength gratings, generated using only the blue gun of the monitor, had maximal luminance contrast of 90% (Michelson contrast) and the same mean luminance as the blue background of the screen (1.9 cd/m 2 mean luminance). The CIE coordinates of the blue phosphor were x = 0.148, y = 0.07. Gratings were presented within sharp-edged discs (2 deg diameter, fovea; 4 deg diameter, 12 deg ecc) to ensure that at least two full cycles would be displayed at low spatial frequencies. The temporal luminance distribution was a ramp with total stimulus duration of 1 s, including a 0.3 s rise and 0.3 s decay time.
Isolation of the SWS cones was achieved by selective chromatic adaptation using a broadband yellow adapting background of >530 nm (luminance 600 cd/m 2 at the cornea) designed to render MWS and LWS cones relatively insensitive to the short wavelength stimuli. The bright yellow background was produced by placing a long-wavelength pass yellow filter (Schott OG530; 530 nm halfheight) in front of the lens of a halogen globe. The yellow light was then projected, from a position perpendicular to the monitor, through a white diffusing screen towards a beam-splitter angled at 45°. The luminance level of the yellow background was based on the acuity vs. yellow background relationship from several previous studies (Anderson, Zlatkova, & Demirel, 2002; Humanski & Wilson, 1992; Metha & Lennie, 2001 ) which demonstrated an initial acuity decline from achromatic levels followed by a break (where resolution and detection thresholds become different) and plateau, suggesting that the acuity is mediated by SWS-cones (Anderson, Zlatkova, & Demirel, 2002) . After completion of the MPOD estimates all participants' pupils were dilated with 0.5% Tropicamide (Chauvin Pharmaceuticals, Kingston-Upon-Thames, Surrey) to reduce the effects of age-related changes in pupil size and to provide a high retinal illumination for good SWS-cone isolation. Tropicamide also reduced the accommodative ability of the younger participants to a level similar to that of the older subjects, negating any age-related accommodative differences which could influence the results (Swanson, 1989 ). An optical correction, using full-aperture lenses to allow a large field of view, was worn by all participants. The optical correction worn was the participant's habitual foveal optical correction with an appropriate positive addition to negate the cycloplegic effect of the Tropicamide for the screen distance (0.9 m foveal measurements or 0.7 m for 12°eccentricity measurements). As SWS resolution acuity is robust to small amounts of optical blur, and chromatic aberration is independent of age (Howarth et al., 1988) , an additional compensation of -1DS for the short-wavelength chromatic focus error was incorporated within the refraction worn by each individual (Howarth & Bradley, 1986) . The same correction was worn for viewing at both locations as refractive error does not change significantly between 0°and 12°eccentricity (Millodot, 1981) .
The participants viewed the stimulus monocularly with their chin positioned on a chin-rest and with the non-tested eye occluded. Acuity was measured using a 2AFC orientation identification task and a 3-up/1-down staircase method both in the fovea and at 12°eccentricity. For foveal acuity fixation was maintained by instructing the participant to view the screen between two centrally placed small squares (0.2 deg radius) offset in the vertical meridian by 2°. During peripheral acuity measurement fixation being maintained by instructing the participant to view two small squares of 0.3 deg radius offset by 0.5 deg. Gratings were presented in each trial in one of two orientations (45°and 135°) in a random order and participants were given a response-box to indicate whether they felt the grating was orientated ''left or right'' for each trial. No feedback was given and the participants were encouraged to guess if unable to identify the grating orientation. The spatial frequency of the grating changed in equal upward and downward steps of 0.04 log units (0.8 dB). The threshold was calculated by the software as the mean of the values for the first four reversals.
Results
Mean MPOD at 0.5°eccentricity for the 73 subjects was 0.42 (±0.19) log units with values ranging from 0 to 0.80 (Fig. 1) . The one individual whose MPOD estimate was zero had this measure confirmed on a second separate visit. A linear regression analysis revealed that there was no statistically significant association between MPOD and increasing age for the group as a whole (F(1, 71) = 1.005, p = 0.32) with age accounting for less than 2% of the variation in MPOD values (Fig. 1) . There was no statistically significant difference in MPOD values between males (0.45 ± 0.22 log units) and females (0.40 ± 0.17 log units) (t = 1.15, df = 71, p = 0.25). Mean MPOD value for current (n = 2) and former smokers (n = 12) combined was lower (average 0.35 ± 0.18 log units) than that for never smokers (0.43 ± 0.18 log units; n = 59) but was not statistically significant (t = 1.4, df = 71, p = 0.16). Iris colour did not have a statistically significant effect on MPOD in this cohort when participants were split into those with light (blue, green, grey) and those with dark (brown and hazel) irides (light 0.41 ± 0.18 versus dark 0.47 ± 0.23; t = À0.96, df = 71, p = 0.34), with the majority of participants (86%) falling into the lighter classification. Interestingly, individuals with a family history (parent/grandparent) of wet and/or dry macular degeneration (n = 10) had a significantly higher level of MPOD (0.54 ± 0.19 log units) compared to those with no family history of macular degeneration (0.40 ± 0.18 log units) (t = À2.3, df = 71, p = 0.03).
Increased levels of MPOD have been postulated to reduce the deleterious effects of chromatic aberration on visual performance (Davies & Morland, 2004) . Therefore any significant relationship found between SWS function and MPOD may simply be due to a Fig. 1 . Macular pigment optical density in the fovea (at 460 nm) plotted as a function of age (A) for all participants. The regression line is described by MPOD (460) = 0.0013A + 0.363. reduction in chromatic aberration. However, there was no statistically significant relationship between MPOD and foveal SWS acuity values (F(1, 71) = 0.05 p = 0.82), with less than 1% of the variance in acuity values explained by the level of MPOD (Fig. 2) , providing further evidence that the orientation identification task was sampling limited, rather than optically or contrast limited. This confirms that there was no artefactual influence of MPOD on the foveal acuity values, whereby increased MPOD could have the effect of simply increasing acuity under SWS isolating conditions by reducing the deleterious effects of chromatic aberration. Fig. 3 shows the change in SWS orientation identification acuity (cyc/deg) in the fovea and at 12°eccentricity with increasing age for all participants. Linear regression showed that reduced SWS orientation identification acuity was significantly associated with increasing age both in the fovea (F(1, 71) = 25.1, p = 0.000) and at 12°eccentricity (F(1, 71) = 8.05, p = 0.006) with age explaining 26% and 10% of the variance in the foveal and peripheral acuity respectively. To examine the relationships between MPOD level and any difference in the rate of acuity change between the two locations measured (fovea and the periphery) with increasing age, an ANCOVA was performed with log acuity as the dependent factor, acuity location (fovea or periphery) as a fixed factor and age and MPOD levels as co-variates. This analysis confirmed that, for the group as a whole, both age and location tested had a significant effect on acuity (p < 0.05). However, there was no statistically significant interaction between acuity location and age (F(1, 139) = 2.835, p = 0.10) or acuity location and MPOD (F(1, 139) = 0.00, p = 0.99) indicating that the rate of change in acuity with increasing age was similar for both locations and was not related to macular pigment level.
In order to further examine any potential protective relationship between MPOD level and foveal SWS acuity performance with increasing age, participants were then divided into two groups in accordance with two similar previous studies (Hammond, Wooten, & Snodderly, 1998; Werner, Bieber, & Schefrin, 2000) ; those with a MPOD value above the group mean (>0.42 log units, 35 participants) and those with a MPOD value below the group mean (<0.42 log units, 38 participants). As we are interested in how MPOD level influences acuity changes in the fovea compared to the periphery, and not the individual acuity values per se, the acuity resolution ratio was examined for these two groups as a function of age (Fig. 4 ). An ANCOVA with the acuity ratio as the dependent factor, MPOD level (above or below average) as the fixed factor and age as a covariate revealed that for the group as a whole, although age had a significant effect on the resolution ratio (F(1, 69) = 5.48, p = 0.02), high or low MPOD level did not have a statistically significant effect on the acuity ratio (F(1, 69) = 1.379, p = 0.244) and there was no statistically significant interaction between the level of MPOD and age (F(1, 69) = 1.71, p = 0.20) indicating that the foveal to peripheral SWS acuity ratio changes at a similar rate throughout life, irrespective of whether the individual has above or below average levels of MPOD.
Discussion
The main functional role of macular pigment in the human eye remains a subject of great debate (Loane et al., 2008; Stringham & Hammond, 2007; Weale, 2007) . The aim of this study was to examine the potential protective role of MP in the fovea for the SWS visual system by directly comparing changes in foveal SWS vision (where MPOD is maximal) to a peripheral retinal location (where MPOD is minimal) in healthy individuals of increasing age with known macular pigment values. The results indicate that the rate at which foveal acuity changed in relation to peripheral acuity with increasing age was not related to macular pigment levels. These findings do not support the hypothesis that higher macular pigment levels may protect S-cone mediated visual function in the ageing eye.
The mean MPOD value (0.42 ± 0.19) at 0.5°eccentricity found in this study is very similar to previous studies which used a mainly Caucasian population and similar HFP methods (Hogg et al., 2007; Loane et al., 2007; Loughman et al., 2011) . The true peak MPOD value would be different in the majority of individuals tested, but no single correction factor can be applied to all 0.5 deg eccentricity results due to the inter-individual variation in macular pigment distribution that has been reported (Berendschot & van Norren, 2006; Kirby et al., 2009) . The finding that MPOD estimates were not associated with increasing age is in keeping with the majority of previous cross-sectional studies investigating the relationship between MPOD and age using HFP (Ciulla & Hammond, 2004; Hogg et al., 2007; Iannaccone et al., 2007; Mellerio et al., 2002) , although there are some exceptions (Neelam et al., 2005; Nolan et al., 2007) . One small longitudinal study using HFP has shown that MP levels are consistent over long periods of time when there is no significant change in diet (Hammond, Wooten, & Snodderly, 1997) .
This study has shown that SWS cone function declines with age in normal healthy individuals both in the fovea and the periphery irrespective of MPOD level. Several previous studies have looked at the change in S-cone function with age using a variety of stimuli and also found significant age-related declines (Beirne et al., 2008; Eisner et al., 1987; Johnson et al., 1988; Werner, Bieber, & Schefrin, 2000) . Interstudy differences in the magnitude of age-related losses in sensitivity using S-cone increment thresholds can be due to the level of light adaptation, spatiotemporal parameters of the test stumili, and age ranges of studies (Werner, Bieber, & Schefrin, 2000) . As the stimuli used in this study are known not to be significantly affected by lens yellowing or optical blur Zlatkova, Coulter, & Anderson, 2006) , and remain sampling limited over the age-range measured, (Beirne et al., 2008) it is assumed that these changes are principally a result of an age-related decline in the underlying sampling density of the retina. The large variation in acuity values found here, for individuals of similar ages, can be explained by the large inter-individual variation in the underlying sampling density (Curcio et al., 1991; Dacey, 1994) giving corresponding acuity levels (Beirne, Zlatkova, & Anderson, 2005; Calkins, 2001; Metha & Lennie, 2001) .
Three previous studies have examined the potential protective relationship between MPOD and foveal S-cone function in the ageing eye. Haegerstrom-Portnoy (1988) hypothesised that macular pigment had a protective role within the foveal region as older individuals had less loss of foveal S-cone sensitivity compared to several extrafoveal locations. However, that study did not measure MPOD and both groups of subjects (older and younger) contained relatively small numbers of participants. Hammond, Wooten, & Snodderly, 1998 also presented evidence in favour of a protective theory but in contrast to this study only measured visual performance at one retinal location with their inclusion criteria allowing individuals with early cataract, previous cataract surgery and small retinal pigment epithelium changes to be included which may have contributed to their findings. Werner, Bieber, & Schefrin, 2000 argued that both of these previous studies findings are consistent with a gain change hypothesis whereby long-term adaptation changes in the foveal S-cones results in higher sensitivity which is directly related to the reduction in short-wavelength light that is due to MP screening (Werner, Bieber, & Schefrin, 2000) . The findings of this study, using an orientation identification task, rather than an increment threshold measure are in agreement with Werner, Bieber, & Schefrin, 2000 in that it finds no strong support for a protection theory of MP on foveal S-cone mediated function. However, one should consider some of the limitations of the current study in that no information on individual dietary intakes of L, Z and MZ was collected, which may have impacted on the results found and their interpretation. In addition, the majority of participants came from a reasonably affluent Caucasian background, had light coloured irides and were in very good health and therefore do not necessarily reflect the majority of the population.
Surprisingly there is a paucity of information examining the change in other measures of foveal visual function with age and its relationship to macular pigment optical density. found that the critical flicker fusion (CFF) was significantly related to MPOD (which was independent of age) and concluded that if the CFF is assumed to be a general measure of visual health, then the MP does have a protective effect across the lifespan .
It is also worth noting that while this study found no significant evidence of a protective effect of MP on foveal S-cone function with increasing age in these healthy individuals, these findings do not imply that we should also assume that MP does not have a protective effect in terms of reducing the risk of older age eye diseases such as macular degeneration where the evidence remains inconclusive (Evans, 2008; Loane et al., 2008) . Ultimately, the protective theory of macular pigment, both in terms of visual function and retinal health, requires extensive longitudinal study of visual function, retinal morphology and MPOD in a large cohort of individuals from a variety of backgrounds.
